Introduction {#Sec1}
============

Stromboli Volcano, located in the South Tyrrhenian Sea, Italy, is well known for the repetitive emission of volcanic gases with basaltic magma from its summit vents (Fig. [1a](#Fig1){ref-type="fig"}). The term *Strombolian activity* refers to various types of surface activity, from relatively mild degassing to vigorous ejection of volcanic bombs, lapilli, and ash^[@CR1]^. Many observational, theoretical, and experimental studies have been conducted to understand the complex interaction between magma and gas in the conduit, which is at the origin of the Strombolian activity^[@CR1]--[@CR6]^.Figure 1(**a**) Map of Stromboli volcano, showing location of the seismic stations (red triangles), tiltmeter (red circle) and infrasonic array (yellow circles) used in this study. (**b**) Close-up of the crater area. Black dashed circles indicate main craters (SW: southwest crater, C: central crater, NE: northeast crater), and red open circle indicates the position of new effusive vent that opened on August 7, 2014. The map of Stromboli was created using Generic Mapping Tools ver. 4.5.15 (ref.^[@CR34]^).

Explosive activities at Stromboli are classified into three types according to frequency and intensity: normal explosions (herein referred to as "explosions"), major explosions, and paroxysms^[@CR7]^. In addition to these activities, moderate and discrete gas emissions are observed in active vents, a process referred to as puffing^[@CR6],[@CR8]^. These crater explosive activities are sometimes (1985, 2002--2003, 2007 and 2014) interrupted by lava effusions in the northwest Sciara del Fuoco (SDF) slope of Stromboli's edifice^[@CR9]^.

On August 6, 2014, lava overflowed from a fissure on the outer slope of the summit crater after a few months of increased surface activity^[@CR10]^. On the next day, at 5:15 UTC (hereafter, time is given in UTC), a new flank vent opened at 650 m above sea level on the SDF, and lava effusion started^[@CR11]^ (Fig. [1b](#Fig1){ref-type="fig"}). This effusive activity continued until November 13, 2014, with the total volume of lava ejected estimated to be 7.4 × 10^6^ m^3^ (refs^[@CR10],[@CR12]^).

Although several studies have focused on the long-term seismic activity preceding and during the lava effusions in the past^[@CR13],[@CR14]^, the short-term seismic activity has not been studied in detail. About two months before the 2014 lava effusion activity, we installed temporary seismic and tilt stations around the summit crater. Our instruments successfully recorded the beginning and the end of volcanic activity related to the transition from the explosion at the summit to the effusive lava flow on the flank. Detailed analysis of seismic and infrasonic data shows a distinctive cycle of waveforms from July 27 to August 6, one day before the onset of the lava effusion on the flank. As the distinctive cycle emerged in the period just before the transition of volcanic activity, it may reflect a temporal change in the physical conditions of the shallow conduit system. Therefore, in this study, we examine the signal's characteristics and its distinctive cycle, before then investigating its long-term activity. Finally, we present a schematic model based on the features of our geophysical data and previous studies on Strombolian activity.

Results {#Sec2}
=======

From May 19, 2014 to June 6, 2015, we deployed one broadband seismometer and one tiltmeter at two temporary stations (RFR and CPL) located within 500 m of the summit craters (Fig. [1b](#Fig1){ref-type="fig"}). The seismometer installed at RFR was a Trillium Compact (Nanometrics Inc.), which has a natural period of 120 seconds. The tiltmeter installed at CPL was a T701-2A biaxial bubble type sensor (Applied Geomechanics Inc.). Analog signals from these sensors were digitized by HKS-9550 data loggers (Keisokugiken Corp.) at a sampling frequency of 100 Hz with 24 bit resolution. Data were stored in a compact flash memory card with time marks synchronized to GPS signals. In addition to these sensors, we use seismic data from a broadband CMG-40T seismometer (Güralp Systems) at station PZZ, and the 5-element microphone array at EAR. These instruments are part of a permanent monitoring network run by the University of Florence (Fig. [1b](#Fig1){ref-type="fig"}). Data from the PZZ seismometer and EAR infrasonic array were digitally recorded by the data logger of Güralp Systems at a 100 Hz sampling frequency, with GPS synchronized time marks.

During the normal activity of Stromboli, explosions occurred at the three active vents^[@CR10]^, northeast (NE), central (C), and southwest (SW), as shown in Fig. [1b](#Fig1){ref-type="fig"}. In late May 2014, when we installed our instruments, the eruptive activities in the SW crater were characterized by gas-rich emissions with some short lasting (\<10 s) incandescent bombs. In contrast, the eruptions from the NE crater were ash-dominated explosions with longer durations. Activity at the C crater was as usual characterized by intense puffing^[@CR15],[@CR16]^ with small magma fragments being ejected a few meters above the vent. During this period, the averaged explosion rate was 16--17 explosions per hour^[@CR10]^.

Seismic and acoustic cyclic patterns {#Sec3}
------------------------------------

During our one-year long observation period, the waveforms recorded ten days before the lava outflow occurred on August 6 by the seismic and infrasonic sensors showed remarkably similarity (Fig. [2](#Fig2){ref-type="fig"}). Both signals clearly show similar changes in the amplitude which repeat in time following a cyclic pattern characterized by: (1) a quiet phase (QP) of low seismic and acoustic amplitudes (the green horizontal bars in Fig. [3](#Fig3){ref-type="fig"}), (2) a puffing phase (PP) (the red horizontal bars in Fig. [3](#Fig3){ref-type="fig"}), and (3) an explosion phase (EP) (the blue horizontal bars in Fig. [3](#Fig3){ref-type="fig"}). The high similarity of the amplitude modulation between the seismic and infrasonic records strongly suggests that the source responsible for this pattern is well coupled, both within the ground and the atmosphere and should be related to a source process well coupled with the atmosphere occurring at the surface of the magma column. We found that, particularly during the PP, analysis based on waveform correlation of the seismic signal revealed that the source location and mechanism were extremely stable (see Method for details).Figure 2Vertical ground velocity seismogram at RFR (black) and infrasonic signal recorded by an element of the infrasound array (blue) during the 6 hours following the UTC time denoted on each y-axis on July 28, 2014. Both traces show a similar characteristic cycle in amplitude fluctuation. Grey and blue shaded periods are magnified in Figs [3b](#Fig3){ref-type="fig"} and [4a](#Fig4){ref-type="fig"} respectively.Figure 3(**a**) Spectrogram of vertical ground velocity, (**b**) Seismogram of original vertical velocity, (**c**) High-pass filtered seismogram (\>10 Hz), and (**d**) Band-pass filtered seismogram (0.02--0.2 Hz) of grey shaded interval in Fig. [2](#Fig2){ref-type="fig"}. The spectrogram was calculated using a Fast Fourier Transform of 512 data points (time window of 5.12 s with a sliding interval of 1 s) and smoothed by a Parzen window. The green, red, and blue horizontal bars at the top of the figure indicate the timing of QP, PP, and EP respectively. The red arrows indicate the timing of explosions at the C crater. Very-long-period (VLP) events associated with explosions occurred at different craters are indicated by blue (NE) and green (SW) arrows. Infrasound waveform in the same time window is shown in Fig. [4](#Fig4){ref-type="fig"}. The grey shaded period in Fig. 3b is magnified in Supplementary Fig. [1](#MOESM1){ref-type="media"}.

Interestingly, the duration of the QP was very stable, on average \~150 s (see Figs [2](#Fig2){ref-type="fig"}--[5](#Fig5){ref-type="fig"}). The duration of the PP, on the other hand, varies within a few minutes and no correlation can be seen between the duration of the QP and the PP (Fig. [5](#Fig5){ref-type="fig"}). On July 28, 150 cycles were identified (see Figs [2](#Fig2){ref-type="fig"} and [5](#Fig5){ref-type="fig"}).Figure 4Location of acoustic activity revealed by the microphone array. (**a**) Infrasound waveform corresponding to the same time window with Fig. [3](#Fig3){ref-type="fig"}. (**b**) Temporal change in back azimuth of the infrasound signal. Colour scale represents signal coherence in array analysis. Coherent signal arrives from the direction of \~270°N throughout the QP-PP-EP cycle. (**c**) Projection of sound azimuth onto Digital Elevation Model. Red arrow indicates the corresponding infrasound azimuth which directs to the C crater. The map around the crater was created using Matlab ver. 7.5.0.338 (R2007b). Seismic waveform in the same time window is shown in Fig. [3](#Fig3){ref-type="fig"}.Figure 5Relationship between the duration of the quiet phase (QP) and the puffing phase (PP) in each cycle. One day long data on July 28, 2014 shown in Fig. [2](#Fig2){ref-type="fig"} were investigated and 150 cycles were identified. Duration of the QP is distributed in the narrow range of 149.85 ± 26.79 s and that of the PP widely varies in the range of 303.95 ± 233.05 s.

The base frequency of seismic signal did not change during the cycle, remaining stable throughout the three different phases (QP, PP, and EP). Its range was limited in to between 2--4 Hz, which coincides with the spectral content of tremors at Stromboli^[@CR17],[@CR18]^.

The PP was characterized by a series of repeating transient pulses (Fig. [3b,c](#Fig3){ref-type="fig"}), with high-frequency content in the 4--13 Hz range. These small pulses overlap with the low-frequency signal (2--4 Hz) in the spectrogram (Fig. [3a](#Fig3){ref-type="fig"}), suggesting that the high-frequency repeating pulses during the PP were superimposed onto the background volcanic tremor commonly recorded at Stromboli. Similar pattern of repeating pulses has been observed by a radiometer and infrasonic sensor only once before an occurrence of Strombolian explosion on June 19, 1999 (ref.^[@CR6]^). These small pulses are related to the emission of small over-pressurized gas pockets at the surface of the magma column^[@CR19]^, and represent the active degassing of the magma column at open-vent systems (puffing). This puffing represents the "active" expression of the continuous degassing of the magma column^[@CR8]^.

At Stromboli, most puffing activity is located at the C crater, although it sometimes also occurs along the NE-SW elongated vents^[@CR10],[@CR16]^. During the 2014 activity, infrasound signals came from the C crater (Fig. [4b,c](#Fig4){ref-type="fig"}). As the volcanic activity was quite high before the flank eruption^[@CR10]^, signals from puffing were recorded not only by the infrasonic sensor, but also by the seismometer during the PP. Puffing activity at the C crater was very vigorous relative to usual periods, and could be classified as rapid spattering^[@CR20]^. It should be noted here that small puffing activity never stopped and continued also during the QP. This is confirmed by the back-azimuth of infrasound signal which was pointing to the stable C crater direction of \~270°N (Fig. [4c](#Fig4){ref-type="fig"}). This fact indicates that the puffing continuously occurred with different amplitude (Fig. [4a](#Fig4){ref-type="fig"}) at the C crater throughout the cycles of QP-PP-EP.

The PP continued for variable periods on the order of several minutes, and then ended with a large transient EP associated with a Strombolian explosion at the C crater, and a very-long-period (VLP) event (red arrows in Fig. [3d](#Fig3){ref-type="fig"}). It means that Strombolian explosion coexisted with puffing at the C crater before the flank eruption. The small transient signals during the PP and large explosive event of the EP show similar waveforms, but the EP waveform displays slightly broader spectral peaks (EP in Fig. [3a](#Fig3){ref-type="fig"}). Seismic VLP events not related to this characteristic cycle showing different waveform and larger amplitude were also observed during large explosions occurring at other craters (VLPs with blue and green arrows in Fig. [3d](#Fig3){ref-type="fig"}). SO~2~ measurement of Strombolian explosion suggested that the signal amplitude of VLP scales with the volume of gas released during the explosion^[@CR21]^ and this can explain the small VLP signal associated with the EP.

Inflating magma column {#Sec4}
----------------------

Explosive activity at Stromboli has been associated with a cyclic ground deformation close to the summit area, indicating that explosions are often preceded by a slow inflation of the ground lasting \~200 s, followed by a sharp deflation during the explosive phase^[@CR22]^. We analysed tilt data recorded at the CPL station during the cyclic seismic pattern. First, we processed the data with a low-pass filter (\<0.033 Hz), before stacking it (Fig. [6a](#Fig6){ref-type="fig"}). Stacking shows that in our case, the EP is coincident with the sudden drop in the tilt, and that it is preceded by the gradual inflation of the ground lasting \~200 s. This inflation-deflation cycle is quite similar to that previously reported^[@CR22]^, and seems to indicate that the PP is related to pressurization of the magma column probably induced by the increase of overpressurized gas bubbles rising in the conduit^[@CR23]^ or by an increase in the magma-gas supply rate. The EP is then followed by a decrease of seismic amplitude, which corresponds to the 150 s QP.Figure 6(**a**) Inflation-deflation cycle around the EP (*t* \~ 0) recorded by tiltmeter at CPL. The thick black line shows the stacked waveform of 50 normalized tilt traces (grey lines and red line). Each tilt trace was first filtered by a zero-phase low-pass filter with a corner frequency at 0.033 Hz and then normalized to the positive peak of the EP. Each trace was then aligned to the first positive peak and stacked to increase the signal-to-noise ratio and to eliminate the contribution ground deformation induced by explosions occurring at different craters. (**b**) One cycle of the signal (\>10 Hz) recorded by a seismometer at RFR (11:42:55--11:49:35 on July30). Stacked tilt well correlates with the QP-PP-EP cycle of the seismic signal. Ground deformation during this signal is indicated by a red trace in (**a**).

Discussion {#Sec5}
==========

Gas puffing represents persistent degassing activity of the magma column that is two times more efficient than a Strombolian explosion^[@CR24]^, thus representing a major aspect of volcano dynamics. Explosions and puffing show significant short-term variability, indicating that the degassing activity of the magma column at Stromboli can be very sensitive to changes in the magma supply rate of the shallow feeding system^[@CR1],[@CR25]^. Although small transient events due to puffing have previously been simultaneously recorded by infrasonic and radiometer sensors^[@CR6]^, transient seismic signals excited by puffing have not been reported prior to this study. Generally, puffing would be expected to generate small pulses only in infrasonic records, but not in seismic records, which more commonly exhibit a continuous signal typically defined as a tremor^[@CR6],[@CR18],[@CR19]^, because small seismic transients radiated by puffing repeating with short time interval (\<1 s) are merged together due to the strong crustal heterogeneity of the elastic medium^[@CR26]^.

We show that, in the period preceding the effusive eruption, these small transient pulses were also evident in the seismic records during the PP (see Fig. [3](#Fig3){ref-type="fig"}), and that infrasound pulses during the PP increased in amplitude relative to those in the QP (see Fig. [4](#Fig4){ref-type="fig"}). The puffing activity preceded the Strombolian explosion and was associated with an increase in ground deformation (Fig. [6](#Fig6){ref-type="fig"}), suggesting a progressive pressurization of the magma column in response to increase in gas flux before the explosion. After the occurrence of the explosion, the seismic pattern repeated in cycles of variable durations (1 to 10 minutes), but every cycle showed the almost same 150 s-long QP, during which only small puffing occurs (see Figs [2](#Fig2){ref-type="fig"}, [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"}).

These seismicity cycles are in agreement with gas flux measurements recorded using UV camera imaging, indicating that each explosion was associated with a significant SO~2~ flux cycle, lasting 300--700 s (ref.^[@CR24]^). This caused a quasi-periodic SO~2~ degassing behaviour with a duration consistent with the seismicity cycle.

The physical mechanisms of puffing and explosions have been intensively studied by observational, theoretical, and experimental approaches^[@CR3]--[@CR6],[@CR8],[@CR19]^. The dynamics of volcanic gas ascending in the conduit plays a central role in the degassing styles of both puffing and explosions. Our common understanding of these two different degassing styles is that puffing and explosion are related to different gas flux regimes. In two-phase flow in vertical pipes, the flow regimes are often classified as bubble, slug, churn, and annular flow^[@CR27]^. Whereas puffing is most probably associated to bubble flow, explosions likely reflect a gas slug flow regime in the conduit^[@CR6],[@CR19],[@CR28],[@CR29]^. The bubble-to-slug transition in the flow regime is commonly linked to the growth of void waves, and typically occurs at a void fraction of \~0.25 (ref.^[@CR30]^). Experimental evidence indicates that the transition between these two regimes occurs when the gas superficial velocity (i.e. gas flux) increases^[@CR31]^.

The end of explosive activity at the crater on August 6 (ref.^[@CR10]^) lead to a sudden stop of the cyclic seismicity. On the next day, a new lateral vent opened in SDF, and volcanic activity changed into the effusive discharge of large amount of magma. After this drastic change in volcanic activity, the cyclic seismicity pattern could no longer be detected.

We observed cyclic signals from July 27 to August 6, 2014 at Stromboli, immediately prior to the effusive eruption on August 7, 2014; explosive activity at the summit crater was at a high level. The signals we recorded reflect the cyclic behaviour of rising volcanic gas in the conduit below the central (C) crater, consisting of three phases: (1) a quiet phase (QP), with very small pulses only in infrasound, (2) a vigorous puffing phase (PP), featuring repeating high-frequency pulses both in seismogram and infrasound, and (3) an explosion phase (EP). This characteristic cycle in the seismic signal was observed only in the period preceding the effusive eruption. The signal disappeared after the transition from the summit activity to the flank eruption. Our observations further demonstrate that explosive activity at Stromboli is modulated by cyclic volcanic degassing behaviour, over timescales of several minutes. We conclude that these seismicity cycles represent cyclic changes of the gas flux regime in the shallow magma column, associated with increases in the magma-gas supply input rate before the effusive eruption. The cyclic behaviour of explosive degassing is an important factor in the degassing dynamics of open-vent volcanoes.

Methods {#Sec6}
=======

Detection of the pulse in the PP {#Sec7}
--------------------------------

We here demonstrate that the PP in seismogram is composed by numerous repeating pulses that have almost identical amplitudes (Supplementary Fig. [1](#MOESM1){ref-type="media"}), and which are most probably excited by vigorous puffing at the C crater. Our detailed analysis of the cycle indicates that the PP is characterized by a series of individual pulses with very similar waveforms to each other. Once we isolated a master pulse, we were able to isolate each repeating pulse using a waveform cross-correlation. Here we introduce the idea of the Network Correlation Coefficient (NCC)^[@CR32]^, and define the modified NCC time function at one station as:$$\documentclass[12pt]{minimal}
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                \begin{document}$$NCC(t)\equiv \frac{1}{N}\sum _{i=1}^{N}\,{C}_{i}(t)$$\end{document}$$where *C*~*i*~(*t*) is the time history of the correlation coefficient of the *i*-th component, and *N* is the total number of components at the station. In this analysis, we used three component seismograms recorded at RFR and PZZ (*N* = 3) and two component tilt datasets at CPL (*N* = 2). The data length of a master event was \~2 s (201 samples), which is long enough to contain one pulse. Before the NCC function was calculated, both the master waveform and dataset were high-pass filtered using a two-pole zero-phase Butterworth filter with a corner frequency of 10 Hz to emphasize the characteristic high-frequency content of the pulses. After several trials, the threshold value for event detection at RFR and PZZ was defined as 0.6, whereas the threshold at CPL was 0.5 because the tiltmeter at CPL is not as sensitive to high-frequency signals as the seismometer. To avoid duplicate detections, when the NCC was detecting a pulse with a NCC larger than the threshold, all other pulses occurring one second before and after this pulse were excluded from the event search (Supplementary Fig. [2](#MOESM1){ref-type="media"}).

We used a pulse that occurred in the PP at 21:21:56 on July 31 as the template event (*t* ≈ 136 in Supplementary Fig. [2](#MOESM1){ref-type="media"}); the NCC value for this template pulse certainly becomes one from its definition in Eq. ([1](#Equ1){ref-type=""}) (orange arrows in Supplementary Fig. [2](#MOESM1){ref-type="media"}). Our method was able to identify most of the pulses recorded at RFR and PZZ, whereas at CPL the number of pulses identified was much smaller because of the low sensitivity of the tiltmeter to the high-frequency ground motion. Using a different pulse as the template event delivered similar results. At the RFR station, pulses were also detected during the EP (*t* ≈ 190 in Supplementary Fig. [2](#MOESM1){ref-type="media"}) indicating the stability of the waveform among different phases. However, since the pulses during the EP had a broad spectral content (EP in Fig. [3a](#Fig3){ref-type="fig"}), the detection rate became lower than during the PP.

We analysed the seismic data recorded from May 19 to the end of August. As shown in Supplementary Fig. [3](#MOESM1){ref-type="media"}, a high NCC value was obtained from the middle of June, although the characteristic cyclic pattern was only identified after July 26. Since the pulse was excited by puffing activity, which is persistent at the C crater, it is quite natural that the similar pulses were detected before the cyclic pattern begins. The total number of pulses detected in the PP remained similar even when the master pulse used to calculate the NCC was changed (198736, 230016, and 172684; Supplementary Fig. [3](#MOESM1){ref-type="media"}). Furthermore, the NCC amplitude does not appear to be dependent on the choice of the master pulse, showing similar values and long-term fluctuations for different master pulses (Supplementary Fig. [3](#MOESM1){ref-type="media"}). The NCC reached values of \~0.8 from the middle of June to the middle of July almost following the increase of seismic tremor amplitude (Supplementary Fig. [3a](#MOESM1){ref-type="media"}) which indicates that the pulses in seismic record have a sufficiently large signal to noise (S/N) ratio to be detected in this period.

The pulses and the cycles disappear after 12:00 on August 6 (Supplementary Fig. [3d,e](#MOESM1){ref-type="media"}), coinciding with the onset of the lateral intrusion of lava preceding the effusive eruption in the Sciara del Fuoco, and with the end of explosive activity at the crater^[@CR10],[@CR11]^.

Locating the source {#Sec8}
-------------------

In terms of source location, due to the small amplitude of the pulses (i.e., small S/N ratios), it was quite difficult to determine the absolute position of the seismicity (see Supplementary Fig. [1](#MOESM1){ref-type="media"}). However, relative changes of the source can be evaluated by examining time differences in the NCC lag among the three stations (RFR, PZZ, and CPL). Supplementary Fig. [4a](#MOESM1){ref-type="media"} shows 10 second-long NCC functions at the three stations using a pulse that occurred (in the PP) at 21:25:20 on July 27 (the template 2) as the template. The template pulse is included in this 10 s time window (indicated by the orange arrow). Three peaks can be recognized about 4 seconds after template 2 arrives, almost at the same time (indicated by the black arrow). Supplementary Fig. [4b,c](#MOESM1){ref-type="media"} show the same plots as Supplementary Fig. [4a](#MOESM1){ref-type="media"}, but with different time windows. We used the same template pulse (the template 2) for these calculations. Supplementary Fig. [5a](#MOESM1){ref-type="media"} shows the histograms of the time differences in the NCC peaks on July 27. Supplementary Fig. [5b,c](#MOESM1){ref-type="media"} show the same histogram as Supplementary Fig. [5a](#MOESM1){ref-type="media"} but with a different date.

The time difference at the position of the maximum NCC value was always within the range of one sample (0.01 second) at all three stations. When we assume shear wave velocity *V*~*s*~ = 0.27--1.14 km/s (ref.^[@CR33]^) and the elevation of source *H*~*c*~ ≈ 770 m (the elevation of crater)^[@CR10]^, the sources of the pulses in the PP were concentrated within 30 m. That is, the hypocentre of the pulses did not change significantly.

The similarity of the pulse waveform, together with the shallow location of the source, indicates that the source location and dynamics did not change in time throughout the observation period. This is consistent with the other previous researches, which define seismic tremors at Stromboli as being linked to the active degassing (puffing) of the magmatic column^[@CR6],[@CR18],[@CR19]^. Infrasound array processing shows, in fact, that acoustic pressure related to puffing activity followed the same NCC fluctuations, and that source of the infrasound was stable and was located within the C crater (Fig. [4](#Fig4){ref-type="fig"}).
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